[1] Single-crystal elastic constants of a natural Fe-rich olivine (Fe 0.94 Mn 0.06 ) 2 SiO 4 were determined by Brillouin scattering to 12.1 GPa. The aggregate bulk modulus, shear modulus, and their pressure derivatives are K S0 = 136.3 (2) GPa, G 0 = 51.2 (2) GPa, (@K S /@P) T0 = 4.9 (1), (@G/@P) 0 = 1.8 (1), and (@ 2 G/@P 2 ) 0 = À0.11 (1) GPa À1 . The numbers in parentheses are 1s uncertainties on the last digit. Our results demonstrate that both the bulk and the shear moduli of fayalite depend on the Fe/(Fe + Mg) ratio at both ambient and high pressures. The pressure derivative of the bulk modulus is very sensitive to the Fe content of olivine, while the pressure dependences of the shear modulus of Mg-rich and Fe-rich compositions are comparable. The longitudinal (C 11 , C 22 , C 33 ) and the off-diagonal (C 12 , C 13 , C 23 ) moduli of fayalite show a nearly linear dependence on pressure along the whole experimental pressure range. However, the shear constants C 44 and C 55 show a strongly nonlinear dependence on pressure starting at P > 5 GPa, more than 2 GPa above the extrapolated room temperature stability limit of fayalite. The behavior of the shear constants could be a precursor of the high-pressure amorphization of fayalite observed at 30 to 40 GPa. C 44 is the modulus that shows the strongest tendency to soften with pressure, in disagreement with previous suggestions that C 55 softening could trigger the structural transition of olivine to the high-pressure g-Fe 2 SiO 4 . Softening of C 44 and C 55 is compatible with a diffusionless mechanism of the structural a-to g-Fe 2 SiO 4 transition.
Introduction
[2] Fayalite is the Fe-rich end-member of the olivine solid solution series. In mineralogical models for the Earth's mantle [Ringwood, 1975; Duffy and Anderson, 1989] olivine is a major component of the upper mantle. For this reason olivine's physical properties are relevant to determine the behavior of upper mantle rocks. Because of the high magnesium content of natural olivines, the thermoelastic properties of olivines with compositions in the range between Mg 2 SiO 4 and (Mg 0.8 Fe 0.2 ) 2 SiO 4 have been the subject of extensive study. Static compression [Hazen, 1976 [Hazen, , 1977 Kudoh and Takeuchi, 1985; Downs et al., 1996; Andrault et al., 1995; Guyot et al., 1996; Zhang, 1998 ], elasticity measurements by ultrasonic interferometry and ultrasound resonant spectroscopy [Webb, 1989; Isaak, 1992; Chen et al., 1996; Li et al., 1996] laser-induced phonon spectroscopy [Abramson et al., 1997] and Brillouin scattering [Zha et al., , 1998 ] have been performed to specify the thermoelastic properties of Mg-rich olivines.
[3] We have much less knowledge of the high-pressure behavior of the Fe-rich compositions of the series. The bulk modulus of fayalite has been determined by static compression [Kudoh and Takeda, 1986; Andrault et al., 1995; Zhang, 1998 ]. Dynamic compression of fayalite and fayalite glass has been also performed . Ultrasonic elasticity measurements have been performed on polycrystalline fayalite up to 5.2 GPa [Fukizawa and Kinoshita, 1982] while the full single-crystal elastic tensor of fayalite has been determined only to 1 GPa at 300 K, and to 700 K at 1 bar [Sumino, 1979; Webb et al., 1984; Graham et al., 1988; Wang et al., 1989; Isaak et al., 1993] .
[4] A complete study of the elasticity of fayalite at high pressure can contribute to a better understanding of the effect of Fe substitution for Mg on the mechanical properties of olivines in comparison with other silicates at extreme conditions (S. Speziale et al., Compositional dependence of the elastic wave velocities of garnets, olivines and other mantle minerals at high pressures, submitted manuscript, 2004, hereinafter referred to as Speziale et al., submitted manuscript, 2004) . Fe-Mg substitution has major effects on the phase diagram of olivines. Fayalite undergoes a phase transition to a high-pressure polymorph, g-Fe 2 SiO 4 ( Figure 1 ) with spinel structure that has been observed at pressure of 5 GPa at 1073 K [Yagi et al., 1987] . The extrapolated transition pressure at room temperature is 2.75 GPa [Yagi et al., 1987] ; however, the high-pressure phase has not been observed by room temperature compression. The Mg-rich members of the olivine series have two different high-pressure polymorphs (b-Mg 2 SiO 4 , which is orthorhombic, and g-Mg 2 SiO 4 , with spinel structure), and they also do not transform at ambient temperature. At pressures between 30 and 40 GPa, at room temperature fayalite loses long-range order. The X-ray diffraction peaks of fayalite broaden and weaken [Richard and Richet, 1990; Williams et al., 1990; Andrault et al., 1995] . Its infrared spectrum shows the appearance of new features at pressure between 20 GPa and 40 GPa [Hofmeister et al., 1989] interpreted as bending modes of SiO 6 polyhedra [Williams et al., 1990] . On the other hand, Raman scattering to 30 GPa does not show clear evidence of ongoing transformation [Liu and Mernagh, 1993] . The high-pressure behavior of fayalite at ambient temperature is interpreted as the effect of pressure-induced amorphization, which has been also observed in oxides and in silicates (for a review, see Sharma and Sikka [1996] ). The knowledge of the pressure dependence of the shear constants of fayalite can help to verify alternative hypotheses about the mechanism of the highpressure transformation of the whole olivine solid solution series.
[5] In this study we present the results of high-pressure measurements of the elastic tensor of fayalite by Brillouin spectroscopy. It represents the first high-pressure elasticity study of a Fe-rich silicate performed with this technique. We show and interpret the effect of Fe on the mechanical behavior of olivine. The combined effect of Fe -Mg substitution in olivine and garnets is probably the most important factor to connect detectable seismic anomalies to chemical heterogeneities in the upper mantle.
Materials and Methods
[6] Natural single crystals of fayalite (0.5 Â 1.0 Â 0.2 mm size) with tabular habit flattened parallel to {100} or {010} from Coso Hot Spring (Inyo County, California) were cut and double-side polished to 25 or 30 mm thick platelets, both parallel and approximately orthogonal to the most developed natural faces. The platelets are optically transparent and almost colorless. The composition of the crystals, determined by electron microprobe analysis, is homogeneous and corresponds to (Fe 0.94 Mn 0.06 ) 2 SiO 4 . Even though it is not a pure end-member, hereafter we will refer to the olivine analyzed in this study as fayalite.
[7] Fayalite crystallizes in the orthorhombic system (space group Pbnm), and it is isostructural with forsterite (Mg 2 SiO 4 ). The unit cell parameters of the sample at ambient conditions were determined by powder X-ray diffraction to be a 0 = 4.845 (10) Å , b 0 = 10.491 (7) Å , c 0 = 6.063 (9) Å . The measured composition and unit cell volume yield a density of 4.388 (9) Mg m [Fujino et al., 1981] ).
[8] The samples were compressed up to 12.1 GPa using a modified Merrill-Basset diamond anvil cell [Merrill and Bassett, 1974] . Brillouin scattering was measured at 10 different pressures (see Table 1 and Figure 1 ) along 36 directions on a platelet with orientation parallel to the natural (100) face and on a second one with orientation (0. 5 1 0. 2) obtained by polishing a tabular {010} crystal. The orientation matrices of both the sample platelets were determined using the positions of 20 diffraction peaks found and centered using the Xcalibur diffractometer at Virginia Tech Crystallography laboratory. Brillouin scattering measurements were also performed for 18 directions on a randomly cut platelet with orientation (0. 8 1 0.1) as determined by inversion of Brillouin data, in the pressure range between 0.3 and 5.0 GPa. The sample platelets were loaded in cylindrical chambers obtained drilling a 250-mm hole in a stainless steel gasket preindented to a thickness of 50-60 mm. A mixture of ethanol ethanol, and water (16:3:1 volume ratio) was used as a pressure medium. The Brillouin measurements were performed in symmetric forward scattering geometry with an angle of 40°between the incident and scattered beam and the normal to the diamond anvils. The average exposure time Figure 1 . Phase diagram of Fe 2 SiO 4 with the experimental pressure range of the present study. Shaded areas represent the explored temperature and pressure ranges in previous high-temperature and high-pressure elasticity studies of fayalite (for references, see text). The phase boundaries are from Akimoto et al. [1965 Akimoto et al. [ , 1967 for each measurement was 15 min. An example spectrum collected at 5 GPa is shown in Figure 2 . A total of 800 spectra were collected over the whole studied pressure range. Details about the experimental setup were reported previously by Speziale and Duffy [2002] .
[9] Pressure determination was performed by ruby fluorescence shift [Mao et al., 1986] . In all the experiments more than four ruby chips were placed as a pressure calibrant in different positions around the sample platelet. The fluorescence peaks did not show significant broadening along the whole experimental pressure range. In order to allow for possible stress relaxation after each loading step, the pressure was measured every thirty minutes after compression until complete stabilization. We observed that 4 hours were always enough for complete pressure stabilization in the sample chamber. Pressure was measured before and after every Brillouin data set collection. The time elapsed between the two sets of pressure measurements was on average 24 hours. No significant differences in pressure were detected before and after the measurements. The maximum deviation between pressure determinations at different positions in the sample chamber was always smaller than 0.2 GPa. The measurements of the different platelets were performed at the same pressure within the uncertainties in the pressure determination (±0.1 GPa). Only for the 5.0 GPa pressure step, the pressure measured on the (100) platelet was 0.4 GPa lower than that measured in the other two platelets. In this case the velocities determined along directions in the (100) platelet were adjusted interpolating between the closest data points. The correction was in the order of 0.5% for both longitudinal and transverse acoustic velocities with an overall effect on the constants well within the estimated fitting uncertainty.
[10] To prevent the effects caused by nonparallelism of the platelet faces [Sinogeikin and Bass, 2000] we developed a polishing tool and a gauge system, which detects tilting to 10 À3 degree. Vignetting effects from the body of the diamond cell [Oliver et al., 1992; Sinogeikin and Bass, 2000] were prevented by placing diaphragms in front of the diamond cell's openings both on the incident and the scattered optical path. The accuracy and reproducibility of our system was tested by measurements of synthetic MgO and MgAl 2 O 4 performed at ambient conditions in forward scattering geometry. In the range between 5.3 and 9.8 km s
À1
, the accuracy of the velocity determination is within ±0.75% of the measured velocity.
The reproducibility in repeated measurements is as good as 0.5% of the measured velocity.
[11] This is the first study, to our knowledge, in which Brillouin data collected in two or three different crystal planes were simultaneously inverted to recover both the whole elastic tensor (9 constants) and the orientation of the two or three planes (6 or 9 Eulerian angles, respectively) at each pressure, for a total of 15-18 fitting parameters.
[12] The measured Brillouin scattering was converted to acoustic velocity [see Speziale and Duffy, 2002] by treating fayalite as optically isotropic in the data analysis. This assumption if not rigorously correct, is in fact justified by the negligible effect of the optical anisotropy of common minerals on the velocity calculation, as demonstrated in case of Brillouin measurements of carbonates, which are more anisotropic than olivines [C.-C. . The velocities were inverted using Christoffel's equation to retrieve both elastic constants and orientation of the samples [Every, 1980] . The starting model for the refinement of the constants was an average of existing room pressure elasticity measurements of fayalite. The initial crystal orientation models for the (100) and the (0. 5 1 0. 2) platelets were those determined by single-crystal X-ray diffraction. The orientation determined by inversion of the Christoffel's equation shows consistently 1°to 1.5°uncertainties at all the experimental pressures. The inverted orientations at all the pressures agree within 5°with the starting X-ray diffraction model. The results overlap between reciprocal uncertainties. There was not any systematic change in the inverted orientation with increasing pressure. Their variation is comparable with the estimated uncertainties. To prevent undesirable movements of the platelet in the sample chamber at pressures lower than 2 GPa, we monitored with a microscope reticle (6 mm resolution) the position of the sample in experimental conditions for as long as 12 hours, comparable with the duration of one experimental pressure step. We did not detect movements, at the resolution of our observation, in any of the samples that we analyzed.
Results: Effect of Composition on the Elastic Properties of Olivines
[13] At all experimental pressures we could detect two modes (quasi-longitudinal and quasi-shear) in the (100) platelet, and two or three modes (two quasi-shear and one quasi-longitudinal) in the platelet with (0. 5 1 0. 2) orientation. The absence of one of the two quasi-shear modes is the result of poor elasto-optic coupling in specific crystal directions for specific polarizations of incident and scattered light [see, e.g., Cummins and Schoen, 1972] . After velocities and platelet orientations at all pressures were fit to Christoffel's equation, aggregate bulk and shear moduli, corresponding to the Reuss (isostress) limit, were calculated and a refined density model was determined. The procedure was iterated until it converged to a self-consistent density model after the procedure reported by Speziale and Duffy [2002] . The results are displayed in Table 1 . Up to 5 GPa a third platelet (0. 8 1 0.1) was analyzed to check the quality of the refined elastic tensor. The results on the third platelet were always consistent with the model. An example of the overall data set collected at a single pressure is plot in Figure 3 together with the calculated velocity model from the inversion results.
[14] The robustness of the fitting results is enhanced by the large number of inverted velocities ranging between 127 and 186 at the different pressures (Table 1 ). The quality of the fitting is excellent as demonstrated by low root-meansquare (RMS) difference between observed and calculated velocities, which is in general equal to 1% of the overall average of the measured velocities (Table 1 ). The precision of the retrieved constants is always better than 2% (1s level) for the longitudinal C 11 , C 22 , and C 33 , and for the shear constants C 44 , C 55 and C 66 , it is better than 5% for the offdiagonal constants C 12 , C 13 , and C 23 .
[15] The Hill average [Hill, 1963] of the Voigt and Reuss bounds of the aggregate bulk and shear moduli were calculated at each pressure. The fit constants and the aggregate moduli retrieved at all the pressures were fit to third-or fourth-order Eulerian finite strain equations [Davies, 1974] , to determine both zero pressure constants and their pressure derivatives, using the densities iteratively refined. The inverted zero-pressure values of the elastic constants of fayalite are given in Table 2 , and their pressure derivatives in Table 3 . The pressure dependence of the Figure 3 . Velocity of the quasi-longitudinal and quasitransverse acoustic modes in three different planes of fayalite at 3.5 GPa. The azimuthal angle is relative to an arbitrary starting direction. The curves are model velocities calculated using the best fit elastic constants. Abbreviations are as in Figure 2 . Wang et al. [1989] , as reported by Isaak et al. [1993] ; C, Sumino [1979] ; D, Average of three different measurements on two specimens reported by Isaak et al. [1993] . elastic constants and of the aggregate moduli is plotted in Figure 4 . The zero-pressure values of the elastic constants are consistent with previous data. The values of the constants C 55 and C 66 are at the upper end of the extant data. C 12 is 9% overestimated with respect to the average of three measurements by resonant ultrasound spectroscopy method [Isaak et al., 1993] , and it shows a somewhat large uncertainty (see Table 2 ). Our difficulty in constraining C 12 , and to a lesser extent C 66 (see uncertainties in Table 2 ) is related to the orientation of the examined platelets. The (100) platelet places strong constraints on C 22 , C 33 , C 44 and the off-diagonal constant C 23 , the general platelet (0. 5 1 0. 2) is relatively closer to (010) than to (001) so that it better constrains C 11 , C 33 , C 55 and C 13 than C 12 and C 66 . It has been observed in previous high-pressure Brillouin studies on low-symmetry materials that the offdiagonal constants are the ones recovered with the lowest accuracy . However, the spread in the literature values of the other two off-diagonal constants C 13 and C 23 (Table 2) is comparable or larger than the discrepancy of C 12 determined in this study with respect to the average value from the previous studies. This is particularly striking if we consider that the measurements of Graham et al. [1988] and two of the three measurements averaged by Isaak et al. [1993] were performed on identical samples but they exhibit large differences in C 12 , C 13 , and C 23 .
[16] The compositional effect (our sample has 6 mol % Mn 2 SiO 4 content) cannot justify the differences between our results and ultrasonic studies of pure synthetic fayalite [Sumino, 1979; Graham et al., 1988; Isaak et al., 1993] ; in fact, a Brillouin study [Wang et al., 1989; Isaak et al., 1993] of a natural fayalite with 5 mol % Mn 2 SiO 4 content shows completely different results for C 11 and C 66 , which are lower than all the other extant data.
[17] In order to test the effects of correlation between the different inverted constants we calculated sound velocities at room pressure along directions on a general (hkl) plane using the different elastic models from the literature. The differences with respect to our model range between 0.4% and À1.7% in case of Sumino [1979] , 0.1% and À2.2% for Wang et al. [1989] , 0.4% and À1.6% for Isaak et al. [1993] . Larger discrepancies, ranging between 2.1% and À3.2%, are observed in the case of Graham et al. [1988] . The comparison confirms that the results of our study are generally at the upper end of the overall existing data. However, the calculated velocity differences translate into absolute disagreement in the order of 25 to 200 m s À1 , which are comparable with the RMS of our inversions at each experimental pressure.
[18] The difference between our results and those of Wang et al. [1989] , which are tabulated by Isaak et al. [1993], also obtained using Brillouin scattering on a similar natural sample could be related to the different experimental setup. Wang and coworkers performed room pressure measurements outside the diamond cell. The size of the sample could have been relatively larger than the very thin platelet used in our experiment. It is possible that the optical density of a thick fayalite crystal in the 500 -550 nm wavelength range can cause a temperature increase, which can justify the low value of almost all the constants. The different magnitude of the effect on the different elastic constants is due to the intrinsic anisotropy of the optical density of fayalite [Burns, 1970] . This is much less likely to affect measurements in the diamond anvil cell because the sample is in contact with an anvil, which serves as an efficient heat sink. An order of magnitude estimation of fayalite heating at the focal spot, in the experimental setup used in our measurements gives values in the order of 30 K, which corresponds to constant softening in the order of 10 À1 GPa, lower than the uncertainties on the inverted constants at each pressure.
[19] While there are differences between existing measurements that reflect, as discussed by Isaak et al. [1993] , a variety of factors related to experimental errors, inversion techniques, sample heterogeneities, or defects and cleavage induced by sample preparation [see, e.g., Webb et al., 1984] , all the measured constants are typically consistent to within ±2-5% from the average of all the measurements. Only our value of C 12 and the results of Graham et al. [1988] seem to be discrepant in a substantial way with the other data (Table 2) .
[20] The pressure derivatives of the constants C 11 , C 12 , C 13 , C 23 from our study are significantly different from those determined by ultrasonic interferometry to 1 GPa, the only previous complete determination of the elastic tensor at high pressure [Graham et al., 1988] . This result reinforces the suspicion that some studies limited to small experimental pressure range are not always able to correctly resolve the pressure derivative of the elastic moduli . On the other hand, our results for C 55 are in excellent agreement with ultrasonic data to 3 GPa [Webb et al., 1984] . The pressure derivatives of the other constants are consistent within reciprocal uncertainties with existing ultrasonic data to 1 GPa. The shear constants C 44 , C 55 , and to less extent C 66 show a nonlinear dependence on pressure (Figure 4 ) and, in order to determine their second-order pressure derivative, they have been fit to fourth-order Eulerian finite strain equations [Davies, 1974] :
where f = 1/2[(r/r 0 ) 2/3 À 1] is the Eulerian finite strain, C ijkl 0 is the value of the elastic constant at ambient conditions, [21] The retrieved isentropic bulk modulus at ambient pressure and its pressure derivatives were converted to isothermal conditions by mean of thermodynamic equivalences:
where a is the thermal expansion coefficient, g is the Grüneisen parameter, T is the temperature expressed in K, and (@K T /@T) P0 is the temperature derivative of the isothermal bulk modulus at ambient conditions. The used parameters are reported in Table 4 . The pressure derivative of the aggregate shear modulus is affected by the behavior of the individual shear constants. We adopted a fourth-order finite Eulerian strain equation [e.g., Duffy and Ahrens, 1992] :
where f = 1/2[(r/r 0 ) 2/3 À 1] is the Eulerian strain, r is the density, r 0 is the density at ambient pressure, a 1 = G 0 , a 2 = 3K T0 (@G/@P) 0 À 5G 0 , and
The Hill average of the isentropic and isothermal bulk modulus and the Hill average of the shear modulus of fayalite at ambient conditions are reported in Table 5 together with their pressure derivatives.
Discussion

Effect of Fe--Mg Substitution on the Elastic Properties of Olivines
[22] The aggregate bulk and shear modulus are in good agreement with existing results (Table 5 ) with the exception of the very low values of the bulk modulus of Graham et al. [1988] and of Andrault et al. [1995] . The results of Andrault and coworkers are certainly affected by high degree of nonhydrostaticity and by a large uncertainty in the pressure determination at the highest pressures in their study. On the other hand, the results of Graham et al. [1988] show anomalously low values of the constants C 13 , C 22 , C 33 , which strongly affect the value of the bulk modulus.
[23] The pressure derivative of the bulk modulus is in agreement, within reciprocal uncertainties with that of Graham et al. [1988] . The pressure derivative of shear Grüneisen parameter obtained as g = aK S /(r 0 C P ), where r 0 is density at ambient conditions (Mg m À3 ).
modulus is higher than existing values (Table 5 ). This result is justified by the larger pressure coverage of this study, which allows us to fit the curvature of the shear modulus using a fourth-order equation.
[24] The third-order Birch-Murnaghan equation of state from our Brillouin data ( Figure 5 ) is in good agreement with static compression data below 10 GPa both for single crystal and polycrystalline samples [Kudoh and Takeda, 1986; Andrault et al., 1995; Zhang, 1998 ]. The extrapolation of our isotherm is in disagreement with the high-pressure data of Andrault et al. [1995] for the same reason as discussed above. In addition, the intensity of X-ray diffraction from fayalite degrades at pressure above 10 GPa as shown by Andrault and coauthors.
[25] Because of the well-known effective stiffness of SiO 4 tetrahedra in nesosilicates [Hazen, 1976 [Hazen, , 1977 ] the substitution of Fe for Mg affects the elastic properties of olivines because of the different mechanical properties of the FeO 6 octahedra with respect to the MgO 6 octahedra. The a-crystallographic axis in olivines is orthogonal to planes of oxygens in distorted hexagonal close packed arrangement. The c-crystallographic axis is parallel to chains of octahedra, which share one edge with SiO 4 tetrahedra, and the b-crystallographic axis is orthogonal to continuous layers of relatively soft octahedra. Crystal structure refinements at high pressure allow us to infer that the effective bulk modulus of MgO 6 in the olivine structure is in the order of 100 to 120 GPa [Hazen and Finger, 1980] . The data relative to fayalite [Kudoh and Takeda, 1986] are problematic because they are affected by nonhydrostatic conditions [Smyth et al., 2000] .
[26] Using the results of our Brillouin study, we calculated the isothermal linear compressibilities along the three crystallographic axes of fayalite [Nye, 1985] :
where i = 1, 2, 3 corresponds to the three crystallographic axes a, b, c, respectively. S ij are the isothermal elastic compliances, in Voigt notation, defined as: e i = S ij s j and calculated from the elastic constants C ij .
[27] The conversion of the isentropic elastic constants to isothermal conditions was carried out in accordance to Wallace [1972] . The pressure derivatives of the individual constants were approximated according to
[28] The shear constants C 44 , C 55 , C 66 and their pressure derivatives do not vary between isentropic and isothermal conditions in the case of hydrostatic compression [Wallace, 1972] .
[29] We compared our results with existing data of different olivine compositions by plotting axial linear compression, (x i À x i0 )/x i0 , versus pressure ( Figure 6 ). The linear compressibilities along the three crystallographic axes show strong pressure dependence. The values at ambient conditions are @lna/@P = 1.5 Â 10 À3 GPa
À1
, @lnb/@P = Figure 5 . Third-order Birch-Murnaghan equation calculated at 300 K using the isothermal bulk modulus and its pressure derivative determined from the results of this study. Our 300 K isotherm is compared with existing static compression data.
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À3 GPa
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, and @lnc/@P = 2.2 Â 10 À3 GPa
. They are in good agreement with the existing static compression data [Kudoh and Takeda, 1986; Zhang, 1998 ]. At 10 GPa our results indicate much stiffer axial compressibilities, 1.1 Â 10 À3 , 2.7 Â 10 À3 and 1.7 Â 10 À3 GPa
, respectively. The calculated axial compressions along the a and b axis are in excellent agreement with those measured by Kudoh and Takeda [1986] and Zhang [1998] , while the c axis results softer (Figure 6 ). The comparison with measured axial compression of Mg-rich olivines confirms that the compressibility of fayalite along the b axis is larger than forsterite and San Carlos olivine (Fo = 90 mol %) and both the a axis and c axis are less compressible than Mg-rich olivines (Figure 6 ).
[30] We also compare, in Figure 7 , the pressure dependence of the aggregate moduli of fayalite with those of the Mg-rich olivines from the studies of Zha et al. [1996] for forsterite and Abramson et al. [1998] and Zha et al. [1998] for San Carlos olivine (Fo = 90 mol %). The Hill average of the bulk modulus of fayalite at ambient condition is equal to 137.6 (2) and is 5% higher than the value of San Carlos olivine, 7% higher than the value of forsterite. The dependence of the bulk modulus of olivine on the Fe content can be fit to a linear relation in the pressure range examined in this study (Figure 7a) . The compositional effect, @K S /@X, where X is the molar fraction of fayalite, varies from 8.68 GPa at 1 bar to 15.8 GPa at 10 GPa. Thus the effect of Fe content on the bulk modulus is enhanced by pressure. The compositional effect is more evident when we compare the shear moduli (Figure 7b ). The Hill average shear modulus of fayalite is 51.2 GPa, 37% smaller than forsterite and 35% smaller than San Carlos olivine. The dependence of the shear modulus on the molar Fe content is successfully fit to linear relations in the whole experimental pressure range. However, with increasing pressure the fit becomes less satisfactory, mainly because of the strongly nonlinear pressure dependence of the shear modulus of fayalite at pressure higher than 6 GPa (Figures 4 and 7b) . With increasing pressure the compositional dependence, @G/@X, varies in magnitude from À30.1 GPa at ambient pressure to À34.3 at 10 GPa.
[31] Our results demonstrate that the elasticity of olivines is strongly dependent on their compositions, along the whole pressure range of their stability field. In addition the pressure dependence of the chemical effect is extremely sensitive in the case of the bulk modulus. The effect of Fe content on the elasticity of olivine at high pressure has not been fully taken into account in existing mineralogical Figure 6 . Axial compression of fayalite calculated from the elasticity data compared with static compression X-ray diffraction studies. Line is the calculated compression from Brillouin data. Fo, forsterite Zhang, 1998 ]; Fo 90 , olivine with 90 mol % forsterite content [Abramson et al., 1997; Zha et al., 1998 ]; Fa, fayalite [Kudoh and Takeda, 1986; Zhang, 1998 ]. ; Fa = 0.1 mol fraction [Abramson et al., 1997; Zha et al., 1998 ]; Fa = 1 mol fraction (this study). models of the upper mantle [Duffy and Anderson, 1989; Ita and Stixrude, 1993; Vacher et al., 1988] . In addition, during the last years a wealth of new high-quality elasticity data have been made available, improving our knowledge of the elastic properties of many silicates and also of olivines [see Liebermann, 2000] . A selection of the most recent data of olivine elastic properties is given in Table 6 . In order to assess how much the correct effect of composition can affect mineralogical modeling, we have computed sound velocities for olivine with Fo 90 (Fo 90 mol %) compositions both following a Mie-Grüneisen equation of state (as by Ita and Stixrude [1993] ) along an isentropic pressuretemperature path with T = 1735 K at 180 km depth interpolated from Ita and Stixrude [1993] or applying Grüneisen theory and adiabatic finite strain equations (as by Duffy and Anderson [1989] and Vacher et al. [1988] ) along 1673 K adiabats. The properties of the intermediate compositions were computed by linear interpolation of the end-member properties, which are reported in Table 7 . The shear modulus was treated with a fourth-order expansion in Eulerian strain [Davies, 1974] . The shear modulus of the forsterite end-member was expanded to fourth order in Eulerian strain fixing the value of (@ 2 G/@P 2 ) 0 to the value ( Table 7) that causes the coefficient a 3 to vanish in equation 4. The pressure dependence of (@ 2 G/@P 2 ) 0 was neglected in our calculation. Our computations are compared with the results of the original reference models in Figure 8 .
[32] The combined effects of composition and incorrect end-members properties generate sensible differences between our computations and the results of Duffy and , which are characterized by overestimation of the pressure dependence of longitudinal velocity at pressure above 2 GPa (Figure 8a ). The results of Vacher et al. [1988] are compatible within uncertainties with our computation.
[33] Because of the large relative uncertainty of the pressure derivative of the shear modulus, it is impossible to distinguish between our model shear velocity and the models of Duffy and Anderson [1989] and Vacher et al. [1988] . Nevertheless it is evident that both Duffy and Anderson and Vacher et al. overestimate the pressure derivative of the shear modulus (Figure 8b) .
[34] The bulk sound velocity computed along a model isentropic pressure/temperature path agrees with Ita and Stixrude [1993] only below 9 GPa. The discrepancy grows to more than 1.2% at 12 GPa. The two computed velocity models also show a clear difference in the pressure dependence of velocity (Figure 8c) .
[35] The differences between our computations and the available mineralogical models increase with increasing of both pressure and Fe content because of the substantial difference in the pressure dependence of the elastic moduli of fayalite with respect to forsterite. The effect is significant in the case of the pressure dependence of the bulk modulus, which varies from 4.2 for forsterite to 4.85 for fayalite as highlighted for the first time in this study (Table 6 ), while it is not clear whether there is a compositional effect on the pressure dependence of the shear modulus (Table 6) .
[36] These results show the need for a more correct description of the elastic properties of olivine, in order to obtain reliable upper mantle mineralogical models. In Figure 9 we plotted the combined effect of pressure and Fe enrichment or depletion on the seismic velocity of a typical peridotitic olivine (90 mol % Fo) along a 1673 K adiabat. The contours represent isobars along isentropic paths with 1673 K foot temperature. Pressures were converted to depth using the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] . The presence of anomalously Fe-rich olivine could sensibly influence the shear seismic velocity. At 4 GPa pressure, an increase of fayalite content by 10 mol % would correspond to 2.4% decrease of compressional sound velocity and 3.8% decrease of shear velocity with respect to a ''normal'' peridotitic olivine (Fo 90 ). At 8 GPa the decrease is equal to 2.3% and 3.7%, respectively (Figure 9 ). The effect of fayalite content on the logarithmic variation of velocity with respect to X Fe and density are discussed in a separate publication (Speziale et al., submitted manuscript, 2004) .
[37] To evaluate the effect of Fe enrichment on the elastic anisotropy of olivine at high pressure, we have computed at ambient temperature the values of the anisotropy in compressional, shear wave velocities and also the maximum polarization anisotropy of the shear waves in single directions [e.g., Karki et al., 2001] :
where V PMax is the maximum compressional velocity, V PMin is the minimum compressional velocity, V P is the isotropic aggregate compressional velocity, V SMax is the maximum shear velocity in the crystal, V SMin is the minimum shear velocity, V S is the isotropic aggregate shear velocity, (V S1 À V S2 ) Max is the maximum value of the difference between the fast (V S1 ) and slow (V S2 ) shear velocities along the same direction.
[38] The net effect of Fe to Mg substitution is to increase about 100% the shear wave anisotropy (Figure 10 ) from 19.8% in forsterite and 21% in Fo 90 olivine to more than 41% in fayalite at ambient conditions. Also the polarization anisotropy of the shear wave velocity is increased at ambient pressure from 16-18% in high-Mg compositions to 28% in fayalite. The value of the compressional wave velocity anisotropy is substantially unaffected by Fe content variation with a variation from 25 to 23% from Mg-rich compositions to fayalite at room pressure (Figure 10 ). The pressure dependence of the compositional effect is also sensitive as can be observed in Figure 10 . In fact the pressure derivative of both compressional, shear and polarization anisotropy in fayalite is higher than the corresponding of Mg-rich olivine compositions. It is interesting to observe that the results of this study show a decrease of shear elastic anisotropy with pressure, in general agreement with experimental results for forsterite and Mg-rich (Fo 90 ) olivine, but in clear disagreement with the theoretical values for forsterite [da Silva et al., 1997] .
[39] Because of the differences between the properties of end-member olivines it is necessary to study the behavior of intermediate compositions at high pressure in order to more fully assess the details of the compositional effect on the elastic properties of olivines at high pressure.
Metastable Behavior of Fayalite at High Pressure:
Inferences From Elasticity on Amorphization and A-;-Fe 2 SiO 4 Phase Transition 4.2.1. Amorphization
[40] At ambient temperature fayalite does not undergo the equilibrium transition to its high-pressure g-polymorph. The extrapolation of the observed limit of fayalite stability field (Figure 1 ) corresponds to a pressure of 2.75 GPa at ambient temperature [Yagi et al., 1987] . Thus most high-pressure experimental studies on fayalite at 300 K are performed out of its thermodynamic stability field. A wide body of observations suggests that fayalite undergoes irreversible pressure-induced amorphization at pressure between 30 and 39 GPa [Richard and Richet, 1990; Williams et al., 1990; Andrault et al., 1995] .
[41] Pressure-induced amorphization is a phenomenon which is observed in different classes of solid materials [Richet and Gillet, 1997] . Amorphization at high pressure of silicates, and especially of a-SiO 2 has attracted the interest of both the solid-state physics and the geophysical community [Hemley et al., 1988; Williams and Jeanloz, 1989; Tse and Klug, 1991; Binggeli and Chelikowsky, 1992; Gregoryanz et al., 2000; Haines et al., 2001] . However, new results of static compression of a-SiO 2 [Haines et al., 2001] suggest that some reports of highpressure amorphization based on X-ray diffraction observations, could be biased by low X-ray power, experimental resolution, and nonhydrostatic stress conditions.
[42] The mechanism of the amorphization of fayalite is under debate, but precursors of the process can be found in a visible qualitative change in the compression mechanism observed in static compression experiments at P > 10 GPa [Andrault et al., 1995] and in the appearance, at pressure above 30 GPa, of new infrared spectral features, which can be related to bending of SiO 6 octahedra [Williams et al., 1990] .
[43] The behavior of fayalite at room temperature and pressure above 30 GPa has been interpreted as (1) an effect of the metastable branch of the melting curve, which after a maximum, decreases in temperature at high pressure and intersects the compression path of metastable olivine in the [Abramson et al., 1997; Zha et al., 1998 ], and forsterite . Lines represent forsterite, first principles calculation [da Silva et al., 1997] . stability field of g-Fe 2 SiO 4 [Richard and Richet, 1990] ; and (2) as collapse of the crystalline order in metastable fayalite due to inability of the structure to satisfy geometrical and bonding constraint of the thermodynamically stable highpressure polymorph [Williams et al., 1990] . In both cases kinetic hindrance to the crystalline-crystalline phase transition leads metastable olivine to the pressure where the lowtemperature amorphization occurs.
[44] The present Brillouin results show that the pressure derivative of all the three shear constants of fayalite is approaching the value of 0 at the highest limit of the experimental pressure range. Extrapolating the Eulerian finite strain equations that fit the data we can expect elastic instability at P = 35 GPa because of vanishing C 44 (Figure 11 ). The extrapolations suggest that C 55 and C 66 vanish at higher pressures (57 and 76 GPa, respectively). We can estimate that in the range between 35 and 76 GPa fayalite undergoes a structural collapse or phase transition because of shear instability.
[45] It has been pointed out that shear mode softening is an indication of ongoing phase transitions, and amorphization is only one of the possible cases [Sharma and Sikka, 1996] . However, on the basis of the observation that the violation of Born's mechanical stability criteria represents only an upper bound to the onset of transformation in real solids, we can reasonably affirm that in the range between 35 and 75 GPa the softening of all the three shear constants will be so significant that it allows different pathways to instability and phase transition, and therefore it is the most probable mechanism of the only observed transition. As a consequence of the softening of all the shear constants, the extrapolated aggregate shear modulus vanishes at 56 GPa (after reaching a maximum at 12.6 GPa) thus allowing the possibility of a structural collapse with characteristics similar to thermodynamic melting.
[46] High-pressure Brillouin data suggest elastic instability of fayalite at pressure above 35 GPa, and according to accepted theoretical models of pressure-induced amorphization [Lyapin and Brazhkin, 1996] they positively confirm previous X-ray diffraction results interpreted as pressureinduced amorphization. However, the generalized softening of all the shear constants cannot unequivocably confirm or disprove either the metastable ''equivalent melting'' proposed by Richet and Ricard [1990] or the ''frustration of linkages'' proposed by Williams et al. [1990] .
Phase Transition
[47] At temperatures in excess of 1073 K fayalite undergoes a phase transition at 5 GPa to g-Fe 2 SiO 4 with spinel structure [Yagi et al., 1987] . The observed high-pressure high-temperature a-g phase transition in olivines has been interpreted as (1) diffusional and (2) martensitic or pseudomartensitic. The first interpretation implies heterogeneous nucleation, especially at crystal defects and grain boundaries, and growth by diffusion of oxygen [Sung and Burns, 1976] . The second model is based on diffusionless transformation of the oxygen sublattice, from distorted hexagonal close packed (hcp) to cubic close packed (ccp), followed by synchroshear of the cations [Poirier, 1981a [Poirier, , 1981b or by short-scale diffusion of cations [Furnish and Bassett, 1983; Raterron et al., 2002] . TEM analysis of the microstructure of the transformation products of olivines in different experimental conditions [Burnley and Green, 1989] suggests the first mechanism corresponds to equilibrium conditions, while the second is enhanced by differential stresses and nonhydrostatic conditions. However, a later TEM study of amorphous high-pressure olivine materials [Guyot and Reynard, 1992] supports the martensitic model pointing out the existence of a systematic decoupled behavior of the anion sublattice, which preserves its order, and the cation sublattice, which becomes disordered.
[48] The observed strongly nonlinear pressure dependence of the shear constants of fayalite at room temperature could be related to the mechanism of the high-pressure high-temperature a-g phase transition. This is not in contradiction with the relevant role of elastic instability in the high-pressure low-temperature amorphization process of fayalite. The same soft mode symmetry can drive to a nonequilibrium amorphous phase at low temperature, when the phase transition to g-Fe 2 SiO 4 is hindered kinetically, and it can instead determine the equilibrium transition at the high-temperature limit through a martensitic mechanism [Lyapin and Brazhkin, 1996] .
[49] Poirier [1981a Poirier [ , 1981b proposed a model for the a-g transition mechanism in forsterite on the basis of gliding along the [001] (100) slip system through combined partial dislocations and with formation of stacking faults. The elastic constant involved in the gliding is C 55 . Softening of C 55 would most probably activate the transition. Webb et al. [1984] measured the pressure dependence up to 3 GPa of C 55 in fayalite and interpreted the absence of strong softening of the shear constant as a proof against the mechanism proposed by Poirier [1981a Poirier [ , 1981b .
[50] Using the temperature dependence of the shear constants of fayalite [Sumino, 1979; Isaak et al., 1993] and its thermodynamic and elastic properties (see Tables 3, 4 , and 7), we estimated the values of the shear constants C 44 , C 55 Figure 11 . Extrapolated pressure dependence of the individual shear constants (C 44 , C 55 , C 66 ) and of the aggregate shear modulus (G) of fayalite. The extrapolation is obtained using fourth-order Eulerian strain equations. Shaded region represents the pressure range in which the phase transition takes place [Richard and Richet, 1990; Williams et al., 1990; Andrault et al., 1995] .
and C 66 at 814 K and 6.5 GPa, conditions at which the phase transition was observed in quasi-hydrostatic compression in a large volume press study [Raterron et al., 2002] . Neglecting, for simplicity, the cross derivative @ 2 C ij /@P@T we estimated C 44 = 45.2 (5) GPa, C 55 = 55.7 (5) GPa, and C 66 = 61.0 (5) GPa. None of the shear constants is close to instability. The ratios C ij /K are equal to 0.3, 0.36 and 0.4, respectively, and they are far from the 0.15 empirical ''limit value'' for instability proposed by Demarest et al. [1977] . The cross derivative @ 2 C ij /@P@T of C 44 , C 55 and C 66 should be in the order of À6.9 Â 10 À3 K
À1
, À8.4 Â 10 À3 K
, and À9.3 Â 10 À3 K À1 , respectively, in order to justify a shear instability at the conditions at which the transition was observed. These values are more than one order of magnitude larger than the only experimental values available of a cross derivative of a shear constant for oxides (MgO [Spetzler, 1970; Chen et al., 1998] ). High-temperature high-pressure elasticity data are necessary to clarify this point.
[51] It is important to stress that even taking into account the effect of temperature, the constant which shows the strongest softening is C 44 together with C 55 , while C 66 softens more slowly ( Figure 5 ). This is in disagreement with the martensitic transformation mechanism suggested by Poirier [1981a Poirier [ , 1981b , which would require softening of C 55 . In addition, Raterron et al. [2002] report the observation of the topotactic relation h010i a-Fe 2 SiO 4 / h110i g-Fe 2 SiO 4 , in disagreement with the martesitic transformation by gliding along the [001] (100) system proposed for forsterite.
[52] A comparison of the rate of change of the shear constants of fayalite with those of forsterite and of Fo 90 [Abramson et al., 1997; Zha et al., 1998] shows that in both Fe-rich and Mg-rich olivines the constant C 66 has the higher pressure derivative than C 44 and C 55 . The existing data of C 55 in Mg-rich olivines indicate that the pressure derivative of this constant decreases with increasing Fe content. Forsterite does not show any softening of @C 55 /@P below 16 GPa (Figure 12 ). The existing data for C 44 in Mg-rich olivines are someway less clear. Forsterite shows a linear pressure dependence of C 44 up to 16 GPa . The results of the two high-pressure studies of San Carlos olivine (Fo 90 ) strongly disagree with each other. Zha et al. [1998] observe a strong softening of the pressure derivative of C 44 starting before 15 GPa. At pressure above 15 GPa the rate of change of C 44 rapidly tends to 0 (Figure 11 ). On the opposite the results of Abramson et al. [1997] are in perfect agreement with the behavior of forsterite (Figure 12 ).
[53] The information from high-pressure elasticity of both Mg-rich and Fe-rich olivines seems to favor the possibility of a softening of both C 44 and C 55 , at high pressure. C 44 softening is not explained by the models of diffusionless transition proposed by Poirier [1981a Poirier [ , 1981b and Raterron et al. [2002] . However, Phakey et al. [1972] report the presence of [001] (010) slip in deformed olivines and this mechanism is geometrically consistent with softening of the constant C 44 .
[54] We suggest that the combined effect of highpressure/high-temperature and of substitution of Mg with Fe in the octahedral site of olivines can play a major role in favoring gliding systems which are less important at ambient conditions. Fayalite may have two active slip systems similarly convenient (energetically) to trigger the structural transition to the g-Fe 2 SiO 4 phase in different topotactic relationship between starting and final structures, as observed by Raterron et al. [2002] .
Conclusions
[55] The elastic tensor of fayalite was determined to 12 GPa at 300 K. For the first time, Brillouin scattering data were simultaneously inverted for both constants and orientations of two or three different crystal planes for a total of 15-18 fit parameters. The pressure dependence of the longitudinal and off-diagonal constants is linear along the whole experimental pressure range. The shear constants C 44 and C 55 show strongly nonlinear pressure dependence, and their pressure derivatives are close to zero at 12 GPa. This suggests that shear softening characterizes the highpressure behavior of metastable fayalite. We predict shear instability of fayalite in the 35 to 75 GPa pressure range in agreement with previous observation of structural collapse and amorphization and of shock-induced phase transitions.
[56] Softening of both C 44 and C 55 does not confirm the existing hypotheses about the mechanism of a-g phase transition. Simultaneous softening of C 44 and C 55 could possibly activate two competing mechanism for a diffusion- . Using a first-order linear approximation of the compositional effect with pressure, the modeled seismic velocity of the relevant upper mantle olivine (Fo 90 ) composition shows more than 1% disagreement with existing models. The pressure dependence of the elastic properties of olivines is strongly sensitive to the Fe content. An increment in Fe content from 10 mol % to 20 mol % would produce a 2.4% decrease of compressional velocity and 3.8% decrease of shear velocty at a pressure of 4 GPa along the 1673 K adiabat.
